a Model photocatalysts composed of TiO 2 -graphene nanocomposites are prepared to address the effect of graphene quality on their photocatalytic performance. Graphene is synthesized by catalyst-assisted chemical vapor deposition (CVD), catalyst-free CVD and solution processing methods. TiO 2 is prepared by reactive magnetron sputtering and subsequent annealing. Fabricated model photocatalysts have different morphology and physical properties, as revealed using spectrophotometry, atomic force microscopy, X-ray photoelectron spectroscopy, Raman spectroscopy, photoluminescence, and four-probe electrical measurements. All graphene-containing composites have significantly higher photocatalytic activity compared to bare TiO 2 films in the gas phase methanol photooxidation tests. Their activity is proportional to the electrical conductivity and surface roughness of the respective carbon structure, which in turn depends on the preparation methods. The mechanisms of enhancement are further assessed by comparison with the performance of reference TiO 2 -graphitic-carbon and TiO 2 -Au thin films.
Introduction
Carbonaceous nanomaterials incorporated into TiO 2 photocatalyst systems have made significant contributions to their photocatalytic enhancement owing to their favorable physical and electronic properties. [1] [2] [3] [4] [5] [6] A number of studies have demonstrated that incorporation of carbon allotropes into the TiO 2 matrix greatly minimizes its inherent problems, such as limited light absorption (only in the UV region) and the fast recombination rate of photogenerated charge carriers. 4, [7] [8] [9] [10] [11] [12] Much effort has recently been devoted to understanding mechanisms of charge carrier dynamics in nanocomposites containing carbon nanotubes (CNT's), 13 graphite, 14 and graphene. [15] [16] [17] [18] [19] [20] Recent results indicate that carbon in these composites has the ability to suppress charge carrier recombination of TiO 2 through serving as an electron storage and/or conducting medium for the photogenerated electrons. 15, [21] [22] [23] [24] [25] [26] [27] Most of these studies have been focused on CNT's 13, 18, 19 and less attention in terms of charge carrier dynamics has been paid to graphene. [15] [16] [17] Graphene is regarded as one of the rapidly emerging materials in catalysis 3 and photocatalysis 5 because of its unique properties such as theoretically high charge carrier mobility and surface area. 28 It has been reported that graphene-containing nanocomposites contribute to improving the light absorption and the adsorption of reactants, and extending charge carrier lifetime of TiO 2 . 5, [29] [30] [31] [32] [33] Graphene is currently synthesized using different methods, 5, 22, [34] [35] [36] [37] depending on the end application.
The crystallinity of graphene, the number of defects, etc., obtained from different preparation techniques vary considerably. Charge carrier dynamics is strongly affected by crystal defects and surface morphology. 38 It is believed that defect-rich graphene will hinder the charge carrier mobility and impede the probability of charge carrier separation in TiO 2 based composite systems.
To the best of our knowledge, there are very few studies specially devoted to the effect of graphene quality on photocatalytic performance of TiO 2 . 39 Here we design, fabricate, and evaluate model nanocomposites of graphene-TiO 2 with the aim of understanding the role of graphene prepared using different techniques on the photocatalytic performance of TiO 2 . We adopt widely used methods such as chemical vapour deposition (CVD) and solution processing techniques to synthesize graphene. Special emphasis is given to surface morphology and electrical conductivity of graphene and their relationship with charge carrier dynamics. Finally, we compare photocatalytic activity of graphene-TiO 2 composites with those of graphitic-carbon-TiO 2 and gold film-TiO 2 composites to examine the importance of electrical conductivity and interfacial contact.
Experimental sections

Sample fabrication
Substrates of 1 cm 2 fused silica (University Wafer) were used for all compositions investigated. Standard cleaning with acetone and isopropyl alcohol was employed to remove organic residues from the substrates, which were then rinsed in de-ionized water and subsequently blow-dried in nitrogen gas. Oxygen plasma cleaning was carried out for 1 minute under 250 mbar at 50 W RF power prior to deposition. Graphene has been synthesized by three different well-known methods, two of which were employed and demonstrated in our previous work. 35, 36, 40 The same recipes were used to synthesize graphene on a fused silica substrate. Some key parameters of the preparation conditions used in our previous works are briefly reviewed in what follows. The first synthesis method we used was catalyst-assisted growth of graphene by CVD. 36 The deposition was carried out in a commercial system (Black Magic, AIXTRON Nanoinstruments Ltd), where copper foil was used as a catalyst as well as the substrate for the growth of graphene. The precursor for the reaction was argon diluted high purity methane (5% volume ratio). The foil was heated to 1000 1C with a 300 1C min À1 ramp rate. The flow rate of H 2 , Ar, and CH 4 during the deposition was maintained at 20, 1000, and 30 SCCM, respectively. After growing graphene for 5 minutes on the copper foil, it was transferred to the fused silica substrate using PMMA polymer films to mechanically support graphene. We call this type of graphene as transferred graphene (TG).
The second method that we used was catalyst-free growth of graphene by CVD. 35, 40 As the name suggests, this method allows us to grow graphene directly on the fused silica substrate without catalysts. The deposition was performed in the same growth chamber at 1000 1C using 20, 1000, and 20 SCCM flows of H 2 , Ar, C 2 H 2 , respectively. The 20 minute growth time yields nominally single-layer graphene. By controlling the deposition time and the precursor concentration, the thickness can be tuned from monolayer graphene to thick graphite. We refer to this type of graphene as transfer-free graphene (TFG). The third method was deposition of graphene by commercially available graphene oxide (GO) aqueous solution (Graphene Supermarket, 275 mg L
À1
, 0.5-5 mm, and 20% oxygen). This has been the most widely used method for preparing graphene-TiO 2 nanocomposites. [30] [31] [32] [33] 41 GO solution was spin coated on the fused silica at 750 rpm for one minute and subsequently baked at 100 1C for five minutes. The samples were then reduced in a nitrogen environment using thermal annealing at 200 1C for 15 minutes in a rapid thermal process (RTP) system. We refer to this type of graphene as reduced graphene oxide (RGO). Carbon films were deposited at room temperature by e-beam evaporation (AVAC HVC600) with polycrystalline graphite as a source material. The deposition was performed under vacuum (typical pressure 1-3 Â 10 À6 mbar) with the deposition rate maintained at 1 Å s À1 . The nominal thickness of the carbon films was 20 nm. Post-deposition annealing of carbon films at 800 1C in an argon atmosphere for 10 minutes in the RTP system transformed them to graphitic-carbon films. 10 Gold thin films with thickness of 20 nm were prepared in a similar way in another e-beam evaporation system (Lesker PVD 225) with the deposition rate of 1 Å s À1 .
TiO 2 was prepared by DC reactive magnetron sputtering using a FHR MS150 system. The deposition was performed at room temperature with a base pressure of 5 Â 10 À3 mbar and 1 kW power. The flow rate of reactive oxygen was 12 SCCM during the oxidation of titanium target and reduced to 4 SCCM during the deposition. The thickness of the film was about 50 nm as confirmed by surface ellipsometry (J. A. Woollam M2000). Post-deposition annealing of TiO 2 was carried out at 500 1C in an argon atmosphere for 10 minutes in the RTP system. This procedure led to formation of films with anatase structure. 10 
Characterization techniques
Optical measurements were carried out using a Cary Varian 5000 spectrophotometer in double beam mode. For surface topography characterization, we used a Bruker Dimension 3100 SPM in tapping mode. XPS measurements were performed in a PHI 5500 system at the base pressure of 10 À10 mbar using a Mg Ka source. Sheet resistivity was measured with a four-probe system (CMT-SR2000N) using a probe with 1 mm pin spacing. Raman measurements were performed in a Horiba XploRa system using a 638 nm laser excitation source at RT. The Raman signal was collected using an Olympus 100Â objective.
For the photoluminescence measurements, we used a 325 nm wavelength radiation of He-Cd laser (cw) as an excitation source with an average power density of 3 W cm
À2
. The luminescence from the samples was collected by the microscope objective and analyzed using a fiber-optic spectrometer (Ocean Optics, usb4000).
Time-resolved photoluminescence measurements have been carried out at 10 K employing a 372 nm wavelength pulsed laser (PicoQuant, power 2 mW @ 40 MHz) as an excitation source. The selected spectral region of interest was filtered out from the total PL signal using imaging average registered by a photon counting system (Becker&Hickl, spectrograph (HORIBA Jobin Yvon, iHR320) and 50 ps-pulsed, PMC100, TCSPC, MCP) with an overall time resolution of B100 ps.
Photocatalytic tests
The photocatalytic performance of the composites was tested in a microreactor using gas phase methanol photooxidation as a model reaction. The reaction products were monitored by a quadrupole mass spectrophotometer (QMS) coupled directly to the reactor via a capillary. The source of illumination was a 100 W mercury arc lamp along with set of lenses and apertures. Photocatalytic performance of the composites was evaluated over the UV spectral range from 250 nm to 380 nm (Hoya U-340 filter) with a light intensity of about 350 mW cm
À2
. The reactor system was thermalized by circulating cooling water to avoid light induced heating.
Results and discussion
The nanocomposite photocatalysts consist of TiO 2 films deposited onto carbon (C) films of different structures. Unless otherwise mentioned, the term carbon films in the following discussion refer to graphene or graphitic carbon structures. It should be mentioned that most of the basic characterizations of the deposited carbon structure have comprehensively been carried out in our previous studies. We used them as reference to interpret some findings in the present work when needed. 10, 14, 35, 36, 40 Table 1 displays a summary of all prepared composites, performed characterizations, and main observations. The prepared nanocomposites are represented as Gx where x = 0 to 7 denotes different compositions as indicated in Table 1 . These representations will be followed in the rest of the discussion. Fig. 1 shows optical transmission spectra of graphene prepared by different synthesizing techniques. The optical transmission of G1 is between 97 and 98% in the visible range. It has a dip at the 270 nm wavelength due to exciton-shifted Van Hove singularity in the graphene density of states. 43 The 2 to 3% optical absorption in the visible range is typical for the nominal monolayer graphene as reported in several studies. 22, [44] [45] [46] The dip in the UV region is slightly red shifted and the visible light transmission is decreased for G2 (TFG) and several layer graphite. The slight redshift and decrease in visible light transmission is due to narrowing of p bands and increasing thickness of graphene layers that modifies the electronic band structure. For the solution-processed sample (G4), the dip was at B240 nm similarly to the observations reported in the literature. 45 The dip was shifted to 270 nm for G3 (RGO) after the thermal reduction in a nitrogen atmosphere. In addition, the visible light transmission of G3 is relatively lower compared to G4. This is interpreted as restoring of conjugated sp 2 networks after the thermal treatment. The optical transmission of G3 (RGO) is more or less the same as that of the sample G1 (TG), implying that the thickness of both samples is roughly the same and mostly consists of monolayer sheets. Upon deposition of TiO 2 , the optical transmission of the composites is nearly the same for all graphene samples due to the large thickness of TiO 2 films compared to the graphene layer thickness. In other words, the optical transmission of composites is limited by the transmission of bare TiO 2 .
Optical characterization
Photocatalytic performance tests
Methanol photooxidation is an appropriate test for assessing the catalytic performance of prepared nanocomposites. It is one of the widely used model reactions, [47] [48] [49] where methanol and oxygen react at the surface of TiO 2 under UV illumination producing carbon dioxide and water: Fig . 2 shows the results of CO 2 production rate of composites obtained from the QMS. The data are normalized to the production rate of bare TiO 2 . It should be emphasized that this comparison of production rate is merely used for qualitative analysis purposes. As seen from Fig. 2 , the photocatalytic performance of all composites is significantly enhanced compared to bare TiO 2 films. However, there is a substantial difference in the enhancement rate among the samples with graphene prepared by different methods. The same is true for the graphitic-based composites.
According to the photocatalytic test, the graphitic-based composites (G5 and G6) show the highest activity, while gold film-based nanocomposites (G7) show the lowest enhancement. Most probably, the underlying physical mechanism behind the enhancement is an improved charge carrier separation at the interface between carbon and TiO 2 films. However, to what extent the improved charge separation plays a role in enhancing the photocatalytic activity is not clear at the moment. We assume that the photochemistry of methanol oxidation is the same for all the studied nanocomposites under our experimental conditions. We suggest that the surface morphology and electrical conductivity of carbon films play a major role in the observed enhanced photoactivity.
Morphological characterization
The surface topography of carbon films and TiO 2 composites is shown in Fig. 3(a and b) . We used the average surface roughness (R a ), determined from AFM, as a parameter to assess the surface morphology. Obtained R a values are quoted in Table 1 . Different synthesizing techniques of graphene have given rise to different R a values even though the substrate for all composites is the same. This is attributed to the difference in reaction conditions such as precursors, flow rate, deposition time, etc.
The samples G1 (TG) and G3 (RGO) have lower surface roughness compared to the sample G4 (GO). The lower surface roughness of G1 and G3 indicates that the graphene flakes are homogenous and more or less uniformly distributed throughout the substrate. The sample G1 has high-quality, uniform monolayer graphene with carrier mobility on the order of 10 3 cm 2 V À1 s À1 . 36 However, transferring such graphene from the copper foil to fused silica introduced some wrinkles and strains. We also noticed some residues of PMMA on graphene after the transfer. On the other hand, the sample G3 (RGO) has no such issues of polymer residues, but the graphene flakes are not uniform as the sample G1 (TG). Moreover, its purity is lower than that of the sample G1 since, according to the XPS measurements (Fig. 4) , there are still some hydroxyl and epoxy groups present after the gentle reduction. This is seen in Fig. 4(b) , where we note the substantial decrease of C-O (286.6 eV) and CQO (287.8 eV) peaks and increase of C-C (284.6 eV) 50,51 peak intensity after the thermal reduction. We interpret this as the restoring of sp 2 -domains in G3. The peak at 282.3 eV for GO is due to some impurities during the fabrication, which is not observed after the thermal reduction. The slightly higher surface roughness of the sample G4 (GO) was due to the presence of more oxygen (and other functional) groups in the layer. It has been demonstrated in our previous studies that samples of G2 type are predominantly composed of sp 2 nanocrystallites with dimensions on the order of 10 nm and containing more grain boundaries. 35 It turns out to be the reason for the increased surface roughness of G2 compared to others. On the other hand, graphitic-carbon and gold films have lower surface roughness, suggesting that the surface of the carbon films is uniform. For graphitic carbon films we observed small flakes, which confirm that the evaporated carbon films are composed of nanocrystalline flakes. Comparing the R a value of graphene composites after the deposition of TiO 2 , the difference is approximately the same as that of a bare graphene layer, indicating the influence of underlayer on the growth of TiO 2 .
Raman characterization
Raman spectra of graphene prepared by different methods are shown in Fig. 5 . The Raman spectra of the prepared graphene samples consist of the so-called D-, G-, and 2D-peaks. The observed Raman peaks are well-resolved and their peak positions are shown in Table 2 . The D-peak is due to breathing modes of sp 2 rings and its intensity is related to the amount of defects in the lattice. The G-peak is related to stretching modes of C-C bonds in the sp 2 rings. The 2D-peak is the second order of the D-peak, which is due to zone-boundary phonons. 52 The G and 2D peaks are the Raman signatures of the sp 2 -bonded networks in the material. 53 The D-peak intensity of the sample G1 is the smallest, which is probably originating from the edges, compared to other graphene samples. The smaller D-peak indicates fewer defects in G1. In other words, the quality of G1 is the highest. The Raman spectra of the sample G3 (RGO) and G4 (GO) show well-resolved D-and G-peaks and smaller 2D peak intensity (shown clearly in the inset of Fig. 5 ). The relative intensity ratio of I D /I G is slightly higher for G3 than for G4, implying qualitatively the restoring of a number of sp 2 graphitic domains with smaller crystallite sizes 54 in G3 after the gentle thermal reduction in the nitrogen atmosphere. The Raman measurements of G3 and G4 are consistent with the XPS measurements. The Raman spectrum of the sample G2 shows a relatively higher I D /I G ratio as compared to G3 and G4, indicating that the quality of the material is higher than G3 and G4 but lower than G1.
Electrical characterization
The sheet resistivity can be regarded as a measure of the electrical properties of graphene prepared by different synthesizing techniques. The measured values are reported in Table 1 .
As can be seen in Table 1 , the sheet resistivity of G1 is the lowest among all carbon films. The result suggests that the quality of graphene prepared by catalyst-assisted growth renders fewer defects in the layer due to fewer grain boundaries as 
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supported by the Raman results. The sample G2 has higher resistivity compared to G1. This implies that G2 contains more grain boundaries (see Fig. 3(a) ), leading to higher resistivity due to increased scattering of charge carriers. We have estimated the sheet resistivity of G3 to be in the range between 40 and 100 KO & À1 , since we used essentially the same reduction procedure as that described in ref. 42 . On the other hand, the sheet resistivity of G5 and G6 is quite comparable to that of G1. It indicates that individual graphene sheets in graphite are of the same quality as G1. We noticed that titanium adhesion layer (thickness of B3 nm) in G6 reduces the resistivity by almost 2 times as compared to G5. In other words, the titanium layer promotes graphitization by acting as a catalyst. It should also be pointed out that graphiticcarbon produced by the e-beam evaporation has no residues of PMMA as found in G1; so the graphitic-carbon is free from residues or impurities. The resistivity of gold films was the lowest among all prepared composites. Fig. 6 shows PL spectra of all nanocomposites obtained at room temperature. The origin of the characteristic wide PL band in the visible region is commonly attributed to radiative recombination of self-trapped excitons in TiO 2 . [55] [56] [57] It is immediately noticeable in Fig. 6 that the luminescence efficiency of the composites is generally lower compared to bare TiO 2 films. To quantify these differences, the quenching factor for each case was established by weighting the integrated PL intensity over the 450 nm to 900 nm range against that from TiO 2 . The PL quenching factor is summarized in Table 1 . The observed dissimilarities in the PL quenching factor of the composites can be inferred to different degrees of non-radiative charge carrier leakage at interfaces among other possible reasons reported in our previous study. 14 As can be seen in Table 1, the PL quenching factor is considerably varied among composites and, in fact, is quite consistent with the trend in the photocatalytic enhancement factor. We were particularly interested in elucidating the difference between the two approaches used in the synthesis of graphene by CVD techniques, including assessment of one of the key material parameters such as charge carrier lifetime. For this purpose, we performed TRPL measurements at 10 K on samples G1 and G2 with G0 acting as a reference (see Fig. 7 ). In general, PL decay transients are non-exponential in TiO 2 . However, for the sake of convenience, the recombination 1328  1595  2648  G2  1324  1592  2641  G3  1340  1596  2640  G4  1346  1600 kinetics is commonly approximated by introducing two parameters, the fast and slow time constants. In our previous study, we have comprehensively described the origin of different lifetime constants in TiO 2 and their implications in the enhanced photocatalytic performance. 14 The estimated minority charge carrier lifetimes of G0, G1, G2 are 118 ns, 90 ns, and 100 ns, respectively. We attribute the effect of shorter lifetimes in composites as compared to bare TiO 2 preferably to improved transfer of the photogenerated electrons from TiO 2 to graphene layer at the interface. The mutual PL intensity ratio of the fast and slow decay components (marked correspondingly as A1/A2 on the plots in Fig. 7 ) is a common measure of the roles of nonradiative versus radiative processes in the overall recombination. In this context, the lower ratio observed for the sample G1 (A1/A2 = 44), representing the TG, compared to that of G2 (A1/A2 = 54), representing the TFG, is indicative of G1 having fewer defects which increases non-radiative transfer of charge carriers. On the other hand, fewer defects in graphene imply relatively good electrical conductivity and that was measured for G1 over G2. We have pointed out in our previous study 35 as well that the sample G2 has nanocrystalline graphene flakes with more grain boundaries, which act as scattering centers and lead to lower conductivity.
Charge carrier dynamics
Samples D (cm À1 ) G (cm À1 ) 2 D (cm À1 ) G1
Photocatalytic mechanism
The driving force for the photocatalytic enhancement of composites is the increased charge carrier separation rate at the TiO 2 and carbon interface. The process is illustrated in Fig. 8(a) . Under the bandgap excitation of TiO 2 with UV light, the photogenerated electrons are transferred to the carbon films whereas the holes are moved to the TiO 2 -gas interface where they will eventually react with methanol molecules. In order to avoid charging effects, the electrons should be leaked away from the carbon film and react with oxygen in the reactant mixture. The probability of charge carrier separation is strongly dependent on (i) band bending and formation of Schottky barrier (ii) electrical conductivity of the underlying layer and (iii) extent of the interfacial area. Accordingly, high activity should be expected for a sample with a large interfacial area, high electrical conductivity, and Based on these values, the estimated magnitude of the Schottky barrier is highest for gold, followed by graphite and graphene. A higher Schottky barrier implies, according to Fig. 8(b) quicker charge carrier separation, suggesting the highest activity for the Au sample (G7). Similarly, the Au film has the lowest sheet resistivity, indicating that the gold sample should be the most active. However, contrary to these expectations, the photocatalytic enhancement factor of G7 is not the highest. What distinguishes the gold sample from the others is its smoothness. Therefore, we suggest that the surface roughness (or interfacial area) plays an equally important role as the film conductivity and the height of the Schottky barrier. It should be pointed out that rough gold films improve the photoactivity of TiO 2 , while nanometer small isolated gold particles embedded in TiO 2 markedly boost the activity by two orders of magnitude (not shown). The higher photoactivity observed for G5 and G6 (graphiticcarbon based nanocomposites) compared to G1-G4 (graphenebased) is attributed to the slightly higher Schottky barrier, lower electrical resistivity, and slightly larger surface area of the respective composites. Considering only graphene composites (assumed same Schottky barrier), the sample G1 shows the highest photoactivity, followed by G2 and G3, an order that follows the electrical conductivity of the samples. The same trend is observed for the PL quenching factor as well. It is the highest for G1 and followed by G2, G3, and G4. These conclusions can be further supported by the Raman measurements and the surface morphologies of the respective graphene samples, since they follow (almost) the same trends. It should be noted that there is a trade-off between the interface morphology and the electrical conductivity of G1 and G2 because the surface morphology of G2 is higher than G1 whereas the electrical conductivity is lower than G1.
It has recently been reported that carbon nanotubes have the capability of storing one electron per 32 carbon atoms in their conjugated sp 2 networks. 21 The electron storage in such carbon nanostructures, especially fullerenes, is related to pentagonal defects in their graphitic structure and large array of carboncarbon double bonds in their network. 21, 64 Since the basic building block of a carbon nanotube is graphene, we would assume that both graphite and graphene prepared in this work may have the similar tendency of storing electrons in their conjugated sp 2 networks as well. However it is not clearly understood yet as to what extent the dimensionality factor (or the density of electronic states at the Fermi level) would affect the electron trapping. Nevertheless, the tendency of electron trapping in both graphite and graphene can be qualitatively explained by PL findings. The PL quenching factor for graphitic carbon is higher than for graphene indicating that there is reduced recombination in the former material. Although the reduced recombination could indicate several possibilities, we interpret this as the enhanced photogenerated electrons transfer and subsequent trapping of the electrons in graphitic-carbon films. It is also noted that graphitic-carbon films with the titanium adhesive layer (G7) exhibit the highest photoactivity. The reason is that these samples possess both higher electrical conductivity and surface roughness, compared to graphitic-carbon films with no adhesion layer (G6).
Conclusions
We have found that morphology and electrical properties of graphene prepared by different methods differed substantially. By using the test reaction of gas phase methanol photooxidation, we evaluated the influence of these differences on the photocatalytic activity of TiO 2 -graphene composites. While all composites exhibited strongly enhanced activity compared to the activity of the bare TiO 2 photocatalyst, the effect was proportional to the electrical conductivity and surface roughness of the respective carbon structure, which in turn was dependent on the preparation methods. The highest photocatalytic activity was obtained for the catalysis-assisted CVD graphene in comparison to the catalyst-free CVD and the solution-processed graphene samples. The enhancement was attributed to an improved charge separation at the interface between TiO 2 -graphene. We demonstrated by TRPL measurements that the charge carrier dynamics was faster in samples with lower resistivity and larger interfacial contact area. The conclusions were further supported by comparison with graphitic-carbon and gold-based TiO 2 nanocomposites. The investigated systems could be used as models for future studies for improved synthesis and optimization of photocatalysts based on carbon-semiconductor composites.
